Background Navigation-assisted resection has been proposed as a useful adjunct to resection of malignant tumors in difficult anatomic sites such as the pelvis and sacrum where it is difficult to achieve tumor-free margins. Most of these studies are case reports or small case series, but these reports have been extremely promising. Very few reports, however, have documented benefits of navigation-assisted resection in series of pelvic and sacral primary tumors. Because this technology may add time and expense to the surgical procedure, it is important to determine whether navigation provides any such benefits or simply adds cost and time to an already complex procedure. Questions/purposes (1) What proportion of pelvic and sacral bone sarcoma resections utilizing a computerassisted resection technique achieves negative margins? (2) What are the oncologic outcomes associated with computer-assisted resection of pelvic and sacral bone sarcomas? (3) What complications are associated with navigation-assisted resection? Methods Between 2009 and 2015 we performed 24 navigation-assisted resections of primary tumors of the pelvis or sacrum. Of those, four were lost to followup after the 2-year postoperative visit. In one patient, however, there was a failure of navigation as a result of inadequate imaging, so nonnavigated resection was performed; the remaining 23 were accounted for and were studied here at a mean of 27 months after surgery (range, 12-52 months). During this period, we performed navigation-assisted resections in all patients presenting with a pelvis or sacral tumor; there was no selection process. No patients were treated for primary tumors in these locations without navigation during this time with the exception of the single patient in whom the naviEach author certifies that neither he, nor any member of his immediate family, have funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research® editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research® neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA-approval status, of any drug or device prior to clinical use. Each author certifies that his institution approved or waived approval for the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. gation system failed. We retrospectively evaluated the records of these 23 patients and evaluated the margin status of these resections. We calculated the proportion of patients with local recurrence, development of metastases, and overall survival at an average 27-month followup (range, 12-52 months). We queried a longitudinally maintained surgical database for any complications and noted which, if any, could have been directly related to the use of the navigationassisted technique. Results In our series, 21 of 23 patients had a negative margin resection. In all patients the bone margin was negative, but two with sacral resections had positive soft tissue margins. Six of 23 patients experienced local recurrence within the study period. Three patients died during the study period. Seventeen patients demonstrated no evidence of disease at last recorded followup. We noted three intraoperative complications: one dural tear, one iliac vein laceration, and one bladder injury. Eight patients out of 23 had wound complications resulting in operative débridement. Two patients in the series developed transient postoperative femoral nerve palsy, which we believe were caused by stretch of the femoral nerve secondary to the placement of the reference array in the pubic ramus. Conclusions Navigation-assisted resection of pelvic and sacral tumors resulted in a high likelihood of negative margin resection in this series, and we observed relatively few complications related specifically to the navigation. We have no comparison group without navigation, and future studies should indeed compare navigated with nonnavigated resection approaches in these anatomic locations. We did identify a potential navigation-related complication of femoral nerve palsy in this series and suggest careful placement and observation of the reference array during the operative procedure to lessen the likelihood of this previously unreported complication. We suggest it is worthwhile to consider the use of navigation-assisted surgery in resection of tumors of the pelvis and sacrum, but further study will be needed to determine its precise impact, if any, on local recurrence and other oncologic outcomes.
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Scarring from prior surgical interventions can render these approaches still more challenging. As a result, complications from pelvic sarcoma surgery are frequent and may include wound breakdown, infection, and thromboembolic events. Complications may occur in 50% to 60% of these patients [16, 19] . The goal of surgical treatment is to achieve a negative margin resection to minimize the risk of local recurrence. Recurrences may occur in as many as 70% of patients when marginal resections are performed and nearly 100% after intralesional resection [6, 14] . However, in these difficult locations, it is not always possible to achieve a negative margin resection with standard surgical techniques. One study from a highly experienced center reported series of 539 pelvic resections demonstrating intralesional resection in 29% of patients utilizing standard resection techniques, highlighting the difficulty in obtaining margin-negative resections [10] . Even in a simulation model utilizing sawbones, experienced surgeons could replicate a proposed osteotomy only 52% of the time without navigation guidance [1] . This indicates the need for an improved method of pelvis resection.
Computer-aided navigation is an intraoperative tool that has been relatively recently adopted in musculoskeletal tumor surgery [8, 12] . Initial case reports have described the successful use of computer navigation to assist in musculoskeletal tumor resection, suggesting that it is both a relevant and useful tool to assist with these types of surgical procedures. Several case reports have explored different facets of computer assistance in resection of bone tumors, and the field is advancing rapidly [2, 3, 9, 15, 18] . Only three other studies, however, describe outcomes in series of computer-navigated tumor resections of pelvic and sacral tumors [4, 11, 17] . These studies, however, were not focused on either the pelvic location or primary tumor diagnoses and included extremity locations and metastatic tumors, making the studies more heterogeneous.
We therefore asked: (1) What proportion of pelvic and sacral bone sarcoma resections utilizing a computerassisted resection technique achieves negative margins? (2) What are the oncologic outcomes associated with computer-assisted resection of pelvic and sacral bone sarcomas? (3) What complications are associated with navigation-assisted resection?
Patients and Methods
This is a retrospective case series of the surgical and oncologic outcomes of 23 patients treated with computerassisted resection of pelvic or sacral bone sarcomas by two surgeons (JAA, DSG) experienced with this technique. Institutional review board approval was acquired. Between 2009 and 2015 we performed 24 navigation-assisted resections of primary tumors of the pelvis or sacrum. Of those, four were lost to followup after the 2-year postoperative visit, but we have complete data until that point. In one patient, however, there was a failure of navigation as a result of inadequate imaging, so nonnavigated resection was performed; the remaining 23 were accounted for and were studied here at a mean of 27 months after surgery (range, 12-52 months). During this period, we performed navigation-assisted resections in every patient presenting with a pelvis or sacral tumor; there was no selection process. No patients were treated for primary tumors in these locations without navigation during this time with the exception of the single patient in whom the navigation system failed. We retrospectively evaluated the records of these 23 patients and evaluated the margin status of these resections. We calculated the proportion of patients with local recurrence, development of metastases, and overall survival. We queried a longitudinally maintained surgical database for any complications and noted which, if any, could have been directly related to the use of the navigation-assisted technique.
Both surgeons developed experience in this technique first by utilizing sawbones models to develop the technique followed by practice cadaveric procedures. Before the timeframe of this study, each surgeon had performed a minimum of 10 navigated pelvic or sacral resections on primary, metastatic, or benign tumors of the pelvis or sacrum.
Patients were identified from a surgical database and included in the study if they had a localized pelvis or sacral bone sarcoma that was surgically treated with a navigationassisted technique with a goal of wide margin resection and had > 12 months of followup data or data until their death (if survival time was < 12 months). We identified 23 patients who fit the inclusion criteria. Thirteen of 23 were male. Median age was 55 years (range, 9-84 years). Two of 23 were osteosarcomas, eight of 23 were chondrosarcomas, three of 23 were Ewing sarcomas, six of 23 were chordomas, and four of 23 were other tumors. Twelve of 23 (52%) tumors were high grade, two of 23 (9%) were intermediate grade, and three of 23 (13%) were low grade. The six chordomas were not graded. Seven of 23 patients received chemotherapy, four before the operation. Six patients received preoperative radiation therapy, in most patients 55 Gy, but in two patients with chordoma, 19 Gy was delivered preoperatively with the remainder of the dose given postoperatively. Resections were classified according to the system of Enneking and Durham [5] . Four patients had a single-region resection (two ilium, one acetabulum, one ischium). Ten patients had a combined resection involving multiple regions of the pelvis, four of which included resection of a portion of the sacrum, and nine were sacral resections. Seven of the 23 patients underwent reconstruction in the same setting after resection (Table 1) .
We aimed in all patients to achieve the widest bone margin possible while still maintaining critical anatomic structures and with consideration given to functional consequences of additional margin resection. There was, however, no specific minimum margin distance that was used in all patients; the specific margin distance was at the discretion of and based on the experience and judgment of the treating surgeon based on the predicted behavior of the tumor as estimated by histology and grade.
Both surgeons used a navigation-assisted technique for all patients who presented with a localized bone sarcoma of the pelvis or sacrum, indicating there was no selection process that determined which patients were treated with this technique.
In all patients, the diagnosis was made by biopsy and review of the pathology by a musculoskeletal pathologist (CF, JH, WJ, EV-S, DR, ME). Treatment plans for all patients were made by a multidisciplinary sarcoma tumor board, and decisions regarding chemotherapy and/or radiation therapy were made by the relevant specialists with input from the surgeon as required. Diagnosis and margins were confirmed by the final resection specimen and rereviewed at the multidisciplinary sarcoma conference to determine the need for any additional postoperative treatment.
All patients underwent CT scanning of the pelvis postoperatively, and the postoperative CT was compared with the resection plan. Surgical margins, both bone and soft tissue, were all measured on the resection specimen, and again any variation from the planned intended margin was noted.
Patients underwent surgical treatment with the intent of achieving a negative margin resection in all patients. Two navigation systems were used: the BrainLab Kolibri™ system (BrainLab, Munich, Germany) was used for nine patients and the Medtronic O-arm navigation system (Medtronic, Minneapolis, MN, USA) for the remaining patients. This was because the Medtronic O-arm system only became institutionally available to one surgeon after nine patients had already been treated. Registration arrays were placed into a portion of the bone not being resected but readily visible to the camera. Once placed, they were not moved for the entirety of the procedure. After preoperative planning of osteotomies was performed, the navigation system was used to guide all osteotomies being made in whatever manner the surgeon felt was most appropriate for that particular patient. For instance, in some patients, a navigated saw or osteotome was used, whereas in others, a navigated drill was used to drill a series of pilot holes with the osteotomy and then completed with a traditional osteotome. Soft tissue dissection and closure were carried out in a standard fashion (Fig. 1) .
Patients are generally kept toe-touch weightbearing for 8 weeks if reconstruction was performed. In procedures not Volume 476, Number 3 Navigated Pelvic Resection 501 involving reconstruction, patients were allowed to immediately bear weight. Physical therapy was initiated once the wound was healed and the patient was allowed to fully weightbear. We studied surgical outcomes including (1) preoperative factors: age, diagnosis, grade, and tumor location; (2) intraoperative factors: surgical margins and intraoperative complications; and (3) postoperative factors: postoperative complications. We also studied oncologic factors related to local control: recurrence and disease status at last followup. Additionally, although potentially not influenced by the use of navigation-aided resections, we tallied the development of metastases and survival in the study population, which are more closely related to the patient's diagnosis. Patients were followed postoperatively according to the standard National Comprehensive Cancer Network guidelines for bone sarcoma followup. This includes imaging of the local site and chest every 3 months postoperatively for 2 years followed by the same routine every 6 months until Year 5.
Results
In our series, 21 of 23 patients had negative margin resection. In all patients, the bone margin was negative, but two patients (both of whom underwent sacral resections) were found to have positive soft tissue margins ( Table 2 ). The width of the margin was up to the discretion of the surgeon and the treating institution and we did not record specific widths of bony or soft tissue margins. They were deemed either positive or negative. In addition, we performed postoperative CT scans on all patients and manually compared the final resection CT scan with the planned resection and found no significant variations.
Six of 23 (26%) patients experienced local recurrence within the study period. Two of the six recurrences occurred in patients who had positive margins at the initial resection. One patient with sacral chordoma undergoing a margin negative resection had locoregional recurrence in an inguinal lymph node; this was considered metastasis rather than a local recurrence because it was outside of the operative field.
Although there may not be a relationship to the use of navigation-assisted resection, we tallied the development of metastases and survival in this cohort. It is likely that these parameters are more closely related to histology and grade of the tumor than type of resection, but for completeness, the data are being reported. Two patients developed lung metastases during followup; one patient had a high-grade unclassified round cell sarcoma and one had a Ewing sarcoma. Three patients died during the study period; two patients died of disease at 11 and 27 months and a third died from sepsis 3 months after the procedure. Seventeen patients demonstrated no evidence of disease at last recorded followup (Table 2 ). There were four intraoperative complications: one dural tear during chordoma resection in a patient with prior lumbar decompression surgery for spinal stenosis treated with repair; one iliac vein laceration treated with ligation with an initial period of leg swelling, which resolved, and no longterm sequelae; one bladder injury in a patient with a large chondrosarcoma extending across the midline anteriorly treated with repair; and one patient had unexpected foot drop after surgery, which did recover within 2 months. Eight patients had wound complications resulting in operative débridement. None of these 13 complications were believed to be the result of the use of a navigation system for resection nor were they thought to be problems that could have been avoided with the use of navigation, because they were all directly related to dissection of the soft tissue portion of the tumor margin. Two patients in the series, however, developed postoperative femoral nerve palsy, both of which recovered within 6 months. In both of these patients, the tumor was not in the immediate vicinity of the femoral nerve, and the navigation registration array was placed in the pubic ramus in the vicinity of the femoral nerve. It is likely that this may have led to intraoperative stretch of the nerve leading to the observed femoral palsies. As such, these were considered navigation-related complications.
Discussion
Pelvis and sacral sarcomas represent some of the most challenging problems in orthopaedic oncology. The anatomic complexity of the region makes wide margin resections difficult to achieve, potentially contributing to a high risk of local recurrence. In the last decade, several case reports have demonstrated the usefulness of computerassisted surgery in resection and reconstruction of pelvis and sacral malignancies [2, 8, 9, 12] . However, only three reports include the outcomes of a series of patients treated with a computer-assisted technique for pelvis and sacral sarcoma [4, 11, 17] . We found in our patients that computer-assisted osteotomies were associated with achieving negative bony margins in all patients and had a relatively low incidence of complications.
This study has a number of major limitations. First, a major limitation is that we did have some loss to followup: four patients have no available data after their 2-year postoperative visit. However, we do have complete data available for a minimum of 2 years on every patient who survived for that period, which is the period of highest risk for local recurrence. However, it is possible that these patients may have experienced poor outcomes after the last followup, making this a notable limitation. Second, there were two surgeons and two navigation systems that were used in this study, introducing the possibility that some of the data presented reflects a learning curve rather than true outcomes, particularly in light of the complexity of the surgical procedure. We tried to minimize this risk by only including patients after a period when both surgeons had significant familiarity with their respective systems, and we chose a study period that began after each surgeon had performed a minimum of 10 resections using navigation in addition to sawbones and cadaver sessions with both systems. Third, the navigation systems used do not have formal oncology software packages, and so modifications were made to existing spinal software to allow the resections. This introduced the major limitation that there was no software available at the time of the study that could be used to directly overlay and compare the planned resection with the actual resection. This was therefore done manually, which introduces some potential bias. For this reason, we did not focus on accuracy of the resection as a parameter in this study, but we feel that this would have strengthened the case for the benefit of navigation in this type of resection. At the time of this writing, however, several manufacturers have developed oncology-specific software, which allows this type of direct comparison, so we will plan to report these data in future publications involving navigation-related resection.
Fourth, the small number of patients makes meaningful interpretation and analysis difficult. Because this is a retrospective cohort study, we do not have a control group. This prevents a direct comparison to patients treated in the same framework without a navigation-assisted technique. Additionally, because the cohort is small, we performed no statistical analysis and only proportions are presented. However, we attempted to avoid any selection bias by using this procedure on every patient who presented with the correct indication, and we applied reasonably consistent methods and data collection. In addition, the followup data are relatively complete, thereby maximizing the information that we can glean from a study of this cohort. Fifth, the patient population is heterogeneous. The cohort of "pelvis and sacral sarcomas," although narrower than other navigation-related cohort studies to date, still includes a wide variety of patient diagnoses and ages, which limits the strength of the conclusions and makes the metastasis and survival data less relevant to the use of the navigation technique. However, the primary goal of this study was to determine the likelihood of achieving negative margins utilizing a navigation technique, which we felt could be adequately studied even in a heterogeneous population. Sixth, we recognize that our followup is relatively short at an average of 27 months. However, because bone sarcoma local recurrences generally occur within the first 2 years after initial treatment [7, 13] , we believe that our followup was long enough to capture the majority of local recurrences. The focus of this study was not to evaluate metastases or survival, which would require substantially longer followup and may not be directly related to the use of a navigation-assisted technique; however, we felt it was important to include this information and plan to report further on detailed survival data at longer followup points for this cohort in future publications.
A total of 21 of our 23 patients had negative margin resection using this computer-assisted technique. In our study, the bone resection margins were all clear of tumor, but in two of the patients, soft tissue margins were positive. Only one other study has studied resection margins in pelvic malignancies utilizing a navigation technique [11] . In this study, however, several pelvic metastases and colorectal malignancies extending into the sacrum were included, making this a much more heterogeneous sample, and had a short followup of 13 months. That study demonstrated a similar proportion of negative margin resection with 29 of 31 negative margins and, similar to our study, noted that the actual bone resection margins in all patients were negative with two of the patients having positive soft tissue margins. Wong and Kumta [18] looked at the proportion of negative margins in resections including all anatomic locations and included seven pelvis and five sacral primary tumors. In this study, all patients achieved negative bone and soft tissue margins, although the margins were noted to be marginal in five patients. Another study included 10 patients with pelvis and sacral tumors as part of a larger cohort and reported negative margin resection in all 10 patients [4] . No other studies to date have reported outcomes on this specific cohort of patients. Given the paucity of available data, it is difficult to draw firm conclusions, but these results do suggest that navigation may play a role in allowing the surgeon to consistently achieve negative bone margins during difficult pelvis and sacral resections.
Historical studies on pelvic sarcoma have noted recurrence rates of 60% or higher [6, 14] . In our study, we noted six of 23 local recurrences. When breaking these patients down by anatomic site, four were in patients treated for pelvic sarcoma (four of 15) and two in patients treated for sacral tumors (two of eight). Two of the recurrences developed in patients who had positive margins at the initial resection. Both of these patients had tumors located in the sacrum. Similarly, in the Wong and Kumta study [17] , three of the four recurrences seen were in patients with sacral tumors, suggesting tumors in this location may be more prone to recurrence. Because navigation-assisted resection may influence the probability of achieving a negative margin resection, there may be an impact on the local recurrence, but this study and other studies like it to date have had too few patients to be able to demonstrate a clear difference.
We noted several complications in this study, the majority of which were wound complications, occurring in eight (eight of 23) patients. This represents a similar rate as other published studies on pelvic and sacral tumors [4, 11, 17] . Other intraoperative complications (iliac vein laceration, bladder laceration, and dural tear) also did not have any relationship to the navigation technique. We did note, however, two transient femoral nerve palsies in patients who had the reference trackers placed in the pubic ramus because that was the only portion of the pelvis not being resected. It is possible these palsies may have been related to the placement of the reference tracker by forcing the nerve to stretch around the tracker pin, leading to neurapraxia. Because this is not a complication typically seen with pelvic resection, we considered it to be navigation technique-related. This type of complication could potentially be avoided by careful placement of the arrays away from neurovascular structures in patients in whom there is limited bone available.
However, it is important to recognize that trackerrelated problems may occur and careful planning is needed to avoid such issues.
In addition to the high proportion of negative margin resection, we identified several patients in whom the navigation assistance allowed for subjective improvement in the resection. We felt that navigation assistance was particularly useful in pelvic procedures in which the majority of the tumor was intraosseous without substantial soft tissue mass. In these patients, the navigation allowed "visualization" of the tumor inside the bone allowing a measure of safety against an inadvertent violation of the tumor with an osteotomy (Fig. 2) . Again, this is a purely subjective evaluation based on the authors' own experience. In one patient, the navigation allowed for partial acetabular resection of only the anterior and inferior portions of the acetabulum, allowing for negative margin resection while sparing the hip (ie, not necessitating reconstruction), which we feel would otherwise have been difficult or impossible to achieve without navigation assistance (Fig. 3) . In three patients with sacral tumors, we noted that additional nerve roots could be spared utilizing the guidance of the navigation system. In one patient we were able to perform a posterior-only resection in which the treating surgeon would have otherwise utilized a combined AP approach, sparing the patient the substantial additional morbidity of the entire anterior approach. This is in agreement with findings of both Jeys et al. [11] and Wong and Volume 476, Number 3 Navigated Pelvic Resection 507
Kumta [18] , both of which demonstrated similar findings in their patients with sacral tumors. We also subjectively felt that navigation facilitated more precisely matching osteotomies to a custom-made prosthesis than could have been done without navigation assistance. Another previously reported benefit [3] that we realized in this series was the ability to perform complex multiplanar osteotomy around the acetabulum, allowing for a joint-sparing resection while still achieving a margin negative resection. We found that navigation-assisted resection of pelvic and sacral tumors is associated with a high proportion of patients achieving a negative margin resection of these difficult tumors. Although we cannot compare this with a similar group of patients resected without navigation, it is possible that the ability to more reliably achieve negative bony margins may be associated with a lower risk of local recurrence. Navigation may add risk of additional complications like nerve injury to the procedure, although it may have additional benefits such as sparing sacral nerve roots or allowing complex joint-sparing resection. Further study will be needed to improve computerassisted techniques for application in tumor resection, but our initial results demonstrated potential value in the utilization of this technique, and we recommend consideration of its use for complex pelvic or sacral resections.
